Retzius cells of Hirudo medicinalis were cultivated on extracellular matrix protein so that extended arborizations were formed. The propagation of voltage transients along 1-,Am-thick neurites was observed at a resolution of 8 Jim at 10 kHz by use of a voltage-sensitive dye. Delay and width of the fluorescence transients caused by hyperpolarization of the soma are described by passive spread of voltage in a homogeneous cable (time constant, 10 ms; space constant, 320 j.m).
The local sensitivity of the dye was determined from a comparison of the amplitudes of fluorescence and of fitted voltage. The fluorescence transients caused by depolarization were scaled using the sensitivity profile. Action potentials were found to pervade the neurites without significant change of amplitude but with enhanced pulse width.
An understanding of the properties of dendrites is crucial for a complete picture of neuron function. The coupling of synaptic input to neuronal output depends critically on the electrotonic characteristics and on nonlinear features of the dendritic tree (1) (2) (3) (4) (5) . Nowadays sophisticated compartmental models based on Kelvin's cable equation may be computed with little effort. However, such computations are appropriate only if the electrical properties of a dendritic tree are known at a sufficient spatial resolution.
Hitherto the electrical properties of dendrites have been probed mainly by evaluating current-voltage relations at the soma (1, 6, 7) . The method was applied, for example, to motoneurons of cat (8) (9) (10) (11) (12) , to pyramidal neurons in the CA1 and CA3 regions of the hippocampus of guinea pig (13, 14) , and to Purkinje cells of rat (15) . The approach has two drawbacks: (i) the results are inaccurate for trees with high input impedance and (ii) the assignment of a cable model to a single current-voltage relation is not unique. Detailed information about the electrical properties of a dendritic tree will be attained only if it becomes possible to record the response to somatic stimulation in the dendrite itself at high spatial resolution. Voltage-sensitive dyes (16, 17) appear to be promising tools. This approach was applied to cultivated neuroblastoma cells (18) , to barnacle neurons in situ (19) , and to cultivated leech neurons (20, 21) . However, the low spatial resolution and the low signal-to-noise ratio prevented a quantitative evaluation of the optical transients.
Here we report on distinctly improved optical records of voltage transients in narrow neurites of cultured Retzius cells from the central nervous system of the leech (22) with the voltage-sensitive fluorescent styryl dye RH421 (23) . Resolution and signal-to-noise ratio (24) are sufficient to allow a quantitative comparison of the fluorescence transients with a simple cable model.
MATERIALS AND METHODS
Neurons. Retzius cells-soma with short (primary) neurite-were dissociated from segmental ganglia of Hirudo medicinalis (Biopharm, Swansea, U.K.) by aspiration into a fire-polished pipette after incubation of the opened ganglia in dispase/collagenase (Boehringer Mannheim) (25) . They were plated in L-15 medium (GIBCO) with 2% fetal bovine serum (GIBCO) on glass coverslips (0.15 mm thick) coated with an extract of the extracellular matrix (26) , attached to silicone chambers (Flexiperm-mikro 12, Heraeus, Hanau, F.R.G.) (24) . The cells were cultivated at room temperature for 2-5 days. Extended (secondary) neurites sprouted from the primary neurite. The neurons were stained with the dye RH421 (Molecular Probes) (23) by a stained-vesicle technique (24) . The excitation (541 nm) and emission (>590 nm) wavelengths were optimized on the basis of the complete spectra of sensitivity of RH421 in Retzius cells (27, 28) . The change of fluorescence was proportional to the voltage within a range +70 mV around the resting potential as checked in the soma. The change was negative for depolarization.
Optical Recording. A chamber with Retzius cells was mounted on an inverted microscope (Axiomat, Zeiss) and illuminated at 541 nm by a high-pressure mercury lamp (HBO 100 W/2, Osram), an interference filter (Schott, Mainz, F.R.G.), and a shutter. The cell was projected onto an array of 100 photodiodes (each diode 1.4 mm x 1.4 mm; MD100-2; Centronics, Bristol, U.K.) in the first image plane through a x 175 objective (adapted Neofluar x 100/1.3 Oel), a dichroic beam splitter (Ft 570) , and a cut-off filter (RG 590, Schott). The spatial resolution was 8 ,um x 8 ,um. Neuron and array were adjusted by superposing the video picture of the cell with a computer diagram of the array. Details are described in a previous paper (24) . The photocurrents were fed into 100 current-voltage converters. The outputs were amplified directly or were fed into sample-and-hold amplifiers to subtract the offset of stationary fluorescence. Signals ofthree selected diodes were stored in a microcomputer (12 The neuritic trees were larger than the effective area of the photodiode array. We displaced the neuron relative to the array to obtain optical records from all parts ofthe arborization at a high resolution. To combine a set of measurements we used the peak ofthe membrane potential in the soma, recorded by the microelectrode, to align the records in time.
Illumination of the stained neurons resulted in a drop of the amplitude of the action potential and in an increase of width at a later stage. We restricted the number of measurements so that this photodynamic damage was negligible. arborized neuron is depicted. It was depolarized and hyperpolarized by current injection into the soma.
In the first part of the experiment, an action potential was elicited. The fluorescence change was recorded in the primary neurite and in the periphery of the neuritic tree at a distance of about 350 ,um. We normalized the amplitude of the peripheral transient to the amplitude of the central transient. ( It is meaningless to compare the measured amplitudes because the sensitivity of the dye may change along the neuron.) The peak of the action potential was delayed by 2 ms and the half-width was enhanced from 2.5 ms to 4 ms (Fig. lb) . During pulse propagation various parts of the tree must be at a different potential as the delay of the pulse is comparable to its width. In the second part of the experiment, a transient hyperpolarization was induced in the soma. We scaled the peripheral fluorescence transient by the same factor used to normalize the action potential. (Thus the correction for a change of sensitivity is the same in both cases. The normalized peripheral signals may be compared in their relative amplitude.) The hyperpolarizing pulse was hardly detectable in the periphery (Fig. lb) . The same experiment was repeated for a second branch of the tree. Similar features of signal propagation were found there (Fig. ic) .
The results show that (i) the action potential pervades arborized neurons up to its finest processes and (ii) the spread of depolarization differs distinctly from the spread of hyperpolarization: it is far more efficient.
A*' ,. Proc. Natl. Acad. Sci. USA 89 (1992) [Mm] Delay and half-width at all 10 sites marked in Fig. 2a are plotted in Fig. 3 for hyperpolarization and depolarization. For hyperpolarization the delay increases almost linearly with the distance. (Apparent velocity of the peak is 150 gm/ms.) The delay, as well as the enhancement of width, was rather similar in all cells studied. Data sets for two other neurons are included in Fig. 3 a and b . For depolarization we found an almost linear increase of the delay along the neurite, too.
However, we observed a variability of the delay as well as of the change of width in different cells (Fig. 3 c and d) . Even a reduction of pulse width was observed in an unusually thick (5-10,m) neurite.
The relative amplitudes of the fluorescence transients are plotted in Fig. 4a for all 10 sites marked in Fig. 2 . The profiles for hyperpolarization and for depolarization are rather irregular. We assign the irregularity to a variable effective sensitivity of the dye. (The background of fluorescence may play a crucial role: the area fraction of the diodes that detects fluorescence from neurite and from surround, respectively, is not invariant.) Such a variable local sensitivity is eliminated by division of the fluorescence signals caused by hyperpolarization and depolarization. The ratio of fluorescence transients reflects the ratio of the true voltage transients as AFhyp/AFdep = Vhyp/Vdep. This ratio is plotted in Fig. 4b . It drops rather smoothly toward the periphery studied. The decay is similar in moderately branched neurites (Fig. 4b) but is more pronounced in highly branched trees (see Fig. 1 values of the delay of the peak and of the half-width are plotted in Fig. 3 a and b . Both the delay and the change of width are distinctly smaller than observed. A change ofT has little effect on delay and broadening. By choosing a lower propagation constant, D = 0.1 cm2/s (i.e., shorter length constant, A = 320 gum), however, we compute delays and half-widths which are similar to the experimental data ( Fig.  3 a and b) . In particular, the model describes the almost linear increase of the delay with the distance. The value of D = 0.1 cm2/s corresponds to a cytoplasmic resistance r1 = 250 fl-cm at diameter d = 1 jAm and capacitance CM = 1 ,uF/cm2. It is similar to the value r, = 225 fl-cm assigned to Purkinje cells (15) but distinctly higher than the value r1 = 70 fl-cm assumed for cat motoneurons (10) (11) (12) (Fig. 5) . Of course, they are valid only with respect to the simple model used: irregularities of the tree (branch points, electrical inhomogeneities) are attributed implicitly to the sensitivity profile.
We assign the irregular profile of the fluorescence amplitudes of hyperpolarization (Fig. 4a) to the superposition of the regular drop of the voltage amplitude (due to passive spread) and of the irregular profile of sensitivity.
Action Potential. Finally we calibrate the amplitudes of the fluorescence transients caused by depolarization (Fig. 4a) , by using the relative sensitivities evaluated from hyperpolarization as indicated in Fig. 5 . These calibrated amplitudes are plotted in Fig. 4c . Within the experimental error we find that the action potential propagates at invariant amplitude from the soma to the tips of the neuritic tree. Thus the normalized fluorescence transients depicted in Fig. 2 reflect the actual voltage transients adequately.
The undamped propagation of depolarization is quite different from passive spread. With its enhanced width, it differs also from a Hodgkin-Huxley type of propagation in a homogeneous cable with invariant width and amplitude (31) . An inhomogeneous distribution of channels may provide a simple interpretation for a propagation at constant amplitude but changed width. Numerical solutions of the Hodgkin-Huxley equation show, for example, that a reduction of K+ conductance along the cable gives rise to broadening. Also, the observation of a narrowed action potential (Fig. 3d) Conclusions. We recorded electrical transients in neurites of cultivated Retzius cells at a high spatiotemporal resolution by using a voltage-sensitive dye. The resolution was sufficient to allow an evaluation by a simple cable model. The propagation of hyperpolarization was attributed to passive spread. On the basis of this assignment we determined the profile of sensitivity of the probe. Using this calibration we found that action potentials pervaded the neuritic tree without significant damping. Such information may be difficult to obtain by conventional electrophysiological methods.
A straightforward generalization of the results is not possible-i.e., the electrical features of cultivated Retzius cells cannot be attributed to Retzius cells in vivo or to other central neurons of invertebrates and vertebrates. Nonetheless, the experimental data on the electrotonic features of narrow neurites and on the propagation of the action potential in a neuritic tree may be useful in the discussion of dendritic integration-i.e., with respect to the effect of dendritic synapses on spike generation near the soma and to the effect of spikes invading the dendritic tree.
The present paper provides no final characterization of signal propagation in an arborized neuron. However, it points out the direction to go in order to take full advantage of the method of voltage-sensitive dyes. To obtain a complete electrical description of axonal or dendritic trees, we shall have to fit fluorescence transients on the basis of a compartmental cable model that accounts for the geometry of a tree and for variations of the local properties of the cable. Such an approach will be possible with the use of a larger number of detection sites at higher spatial resolution, improved dyes (28) , and arborizations of designed geometry (32) . 
